Objective: Serum cystatin C (CysC) is a sensitive marker of kidney function and recent studies have shown that CysC plays a critical role in degenerative diseases in both the central and the peripheral nervous systems. The aim of this study was to explore the relationship between serum CysC and diabetic peripheral neuropathy (DPN) in patients with type 2 diabetes. Methods: In total, 937 type 2 diabetic patients were enrolled in this cross-sectional study. Serum CysC concentration was measured by immunoturbidimetry. DPN was evaluated by neurological symptoms, neurological signs, neurothesiometer, and electromyogram. Results: Serum CysC levels were significantly higher in DPN patients (1.3 (1.1-1.5) mg/l) compared with patients with signs of DPN (1.1 (0.9-1.3) mg/l, P!0.001) and non-DPN patients (1.0 (0.9-1.3) mg/l, P!0.001). Multiple regression analysis revealed that DPN was associated with age, diabetes duration, HbA1c, and serum CysC. Spearman's correlation analysis showed that serum CysC was closely related with age, sex, diabetes duration, hypertension, glomerular infiltration rate, and serum creatinine (Cr) level. The patients were divided into quartiles according to the serum CysC levels. Compared with quartile 1 (referent), the risk of DPN was significantly higher in quartile 2 (odds ratio (OR), 1.753; 95% CI, 1.055-2.912; P!0.05), quartile 3 (OR, 2.463; 95% CI, 1.445-4.917; P!0.01), and quartile 4 (OR, 5.867; 95% CI, 2.075-16.589; P!0.01). Receiver-operating characteristic analysis revealed that the optimal cutoff point of serum CysC to indicate DPN was 1.25 mg/l in male patients and 1.05 mg/l in female patients. High serum CysC level indicated a onefold higher risk of DPN. Conclusions: High serum CysC level is closely associated with DPN and may be a potential biomarker for DPN in type 2 diabetic patients.
Introduction
Diabetic peripheral neuropathy (DPN) is one of the most common complications of diabetes mellitus. And DPNassociated diabetic foot is a leading cause of non-traumatic amputation, which results in diminished life quality of diabetic patients. Previous studies revealed that DPN affected up to 50% of diabetic patients (1) . In view of the large diabetes population and sharp rise in morbidity of diabetes worldwide, DPN has posed a great challenge for medical professionals and society. Although the pathogenesis of DPN still has not been elucidated, several risk factors including hyperglycemia, dyslipidemia, smoking, etc. have been identified (2) . Moreover, vascular diseases including cardiovascular disease, peripheral vascular disease, diabetic nephropathy, and diabetic retinopathy were all found to be risk factors of DPN (2, 3) . A population-based study of type 2 diabetic patients in Sweden showed that the prevalence of peripheral sensory neuropathy increased with the severity of retinopathy and overt nephropathy, indicating that peripheral sensory neuropathy was associated with micro-or macro-angiopathy in type 2 diabetes (4) . It has also been proved that mircroalbuminuria, an indicator of microvascular complications especially for diabetic patients, was closely related to DPN (5) .
Cystatin C (CysC) is a small molecular protein that is produced by all nucleated cells at a constant rate, freely filtered in the glomeruli and almost completely reabsorbed in the distal tubule. It has been suggested that serum CysC levels were generally not affected by extra-renal factors such as age, sex, and muscle mass (6) . Therefore, serum CysC is now considered as an alternative or even better estimator of glomerular filtration rate (GFR) especially in patients with normal or mild-to-moderate renal dysfunction (7) . Recent studies have found that CysC was a stronger predictor of the risk of death and cardiovascular events in elderly persons (8) .
In patients with coronary heart disease, high CysC concentrations predicted substantial increased risks of allcause mortality, cardiovascular events, and incident heart failure (9) . Some studies also proved that CysC played an important role in the diseases of both central and peripheral nervous diseases (10, 11) . In the central nervous systems (CNS), CysC was mainly located in neurons and microglia, functioning as a cysteine protease inhibitor, and can be released to extra-cellular space upon injury. It has been proved that CysC regulated the aggregation and deposition of amyloid b (12) . And the serum CysC levels in patients with Alzheimer's disease were found be significantly higher than healthy controls (13) . Moreover, change in the concentration of CysC in cerebrospinal fluid was also observed in demyelinating diseases including multiple sclerosis and Guillain Barre syndrome. The alteration in cerebrospinal fluid CysC concentration in these diseases was considered a biomarker of nerve injury, and serum CysC was mainly released by affected neurons and microglia to clear debris and improve the following nerve regeneration (11, 14) . In addition, our previous studies have demonstrated that serum CysC was a strong marker for lower limb ischemia and diabetic retinopathy in Chinese type 2 diabetic patients (15, 16) . Therefore, we carried out this study to investigate the association between CysC and DPN in type 2 diabetic patients.
Materials and methods

Study population
In this study, we enrolled consecutive 937 diabetic inpatients at the Shanghai Clinical Medical Center of Diabetes from January 2012 to December 2012. They were mainly local from 16 districts of Shanghai and were admitted for uncontrolled hyperglycemia and diabetic complications. The diagnostic criteria of type 2 diabetes mellitus was based on American Diabetes Association standards (17) . GFR !60 ml/min per 1.73 m 2 was considered renal dysfunction. For 3 consecutive days, 24-h urine samples were collected for the assessment of 24-h urinary albumin levels. And at least two of three samples with urinary albumin R30 mg/24 h were defined as persistent urinary albuminuria. The patients with the following conditions were excluded: i) acute complications of diabetes including diabetic hyperosmolar coma, ketoacidosis, and acute foot ulcer; ii) history of cerebral infarction; and iii) complicated with degenerative changes in cervical vertebra.
DPN was categorized as follow: i) DPN, patients had both clinically evident DPN (defined as at least two positive findings among sensory symptoms, signs, or reflex abnormalities consistent with a distal symmetrical polyneuropathy) and abnormal results on nerve conduction tests (defined by the presence of at least one abnormal nerve attribute (of amplitude, latency, F-wave, or nerve conduction velocity) in two or more nerves among the median, peroneal, and sural nerves); ii) signs of DPN, patients had either clinical evident DPN or abnormal results on nerve conduction tests; and iii) non-DPN, patients had neither clinical evident DPN nor abnormal nerve conduction tests (18) .
All the enrolled patients continued their previous glycemic control regimen including hypoglycemic drugs and(or) insulin except in the very morning when their overnight fasting and 2-h postprandial blood samples were collected. They also continued to use anti-hypertensives and lipid-regulating agents if necessary. The study was approved by the Ethics Committee of Shanghai Clinical Medical Center of diabetes. Written informed consents were obtained from all participants and adhered to the tenets of the Declaration of Helsinki.
Data collection
Information of smoking behavior, alcohol consumption, and hypertension was obtained by a standardized questionnaire. Height and weight were assessed on a standardized form by the same physician during the health check-up. BMI was calculated as body weight (kg) divided by the square of the height (m). All the patients had an overnight fast before blood and urine samples were collected. The samples were stored at 4 8C if the assays could not be performed immediately. All samples were analyzed for biochemical characteristics including CysC within 48 h after collection in the medical examination center of Shanghai Sixth People's Hospital and the laboratory of Shanghai Clinical Medical Center of Diabetes.
Laboratory measurements
Blood samples were transported to the medical examination center of Shanghai Sixth People's Hospital or the laboratory of Shanghai Clinical Medical Center of Diabetes as needed after collected. HbA1c level was determined by high-pressure liquid chromatography and glycated albumin (GA) was measured by the liquid enzymatic assay. Concentrations of serum creatinine (Cr) and serum lipids including total cholesterol (TC), triglyceride (TG), HDL cholesterol (HDL-cholesterol), LDL cholesterol (LDL-cholesterol) were analyzed by enzymatic method. Serum CysC concentration was determined by high-sensitive latex-enhanced immune-turbidimetric method (19) using an automatic biochemical analyzer (7600-020; Hitachi, Inc.). Urinary albumin was measured by RIA. The GFR was determined by technetium-99m diethyl triamine penta-acetic acid clearance.
Neuropathy assessment
An evaluation of neuropathy was performed in the patients, including recognizing the neurological symptom signs, examining the ankle and knee reflex, measuring the vibration perception threshold (VPT) value, and conducting the electromyogram. Twenty-four hours before and during the neurological examination, the confounding influencing factors (including spicy food, caffeinecontaining drinks, physical activities, emotional stress, and insomnia) were avoided. All the tests were carried out in a quiet special room by the same physician or technician.
Neurological symptoms and signs " A complete history of neurological symptoms of each patient was taken at the visit. The assessment of neurological symptoms and signs was based on the Toronto Clinical Scoring System (20) . Any pain, numbness, tingling, weakness of foot, or ataxia or upper-limb symptoms were considered positive symptoms. The knee and ankle reflex examinations were also performed by the same physician.
VPT assessment " In each patient, the VPT values were measured by a neurothesiometer (Bio-Thesiometer; Bio-Medical Instrument Co., Newbury, OH, USA). The operational approaches were based on the International Working Group on the Diabetic Foot of the International Diabetes Federation (21) and in accordance with our previous study (22) . VPT value higher than 25 V (volt) on either limb was considered abnormal.
Nerve conduction velocity tests " Electromyogram (Myto, EBNeuro, Firenze, Italy) was performed to assess the median, ulnar, tibial, common peroneal, and superficial peroneal nerve conduction velocity (NCVs) on both sides of each subject. The patients stayed calm and relaxed, and local skin temperature was kept constant (32-33 8C) during the tests. Briefly, the motor NCVs of median, ulnar, tibial, and common peroneal nerves and the sensory NCV of median, ulnar, common peroneal, and sural nerves were determined. The threshold for decreased NCVs was set according to the NCVs reference value of Chinese people (23) . The latency of each nerve, F-wave, and H reflex was also recorded.
Statistical analysis
For continuous variables, results were presented as meanG S.D. or median (25th-75th percentiles), and differences between groups were evaluated by Student's t-test or Mann-Whitney U test. Categorical variables were presented as frequency percentage, and intergroup comparisons were analyzed using a c 2 -test. Spearman's correlation analysis was also performed to explore the interrelationship between different clinical characteristics. Multiple logistic regression analysis was used to evaluate the relationship between DPN and different clinical characteristics. Multiple regression analysis was used to investigate the association between DPN and clinical variables. The patients were also categorized into quartiles based on the serum CysC level: quartile 1, CysC! 0.9 mg/l; quartile 2, 0.9 mg/l%CysC%1.1 mg/l; quartile 3, 1.2 mg/l%CysC%1.3 mg/l; quartile 4, CysCO1.3 mg/l. Logistic regression analysis was used to evaluate the risk of DPN in different CysC quartiles. Furthermore, receiveroperating characteristic (ROC) analysis was performed to identify the optimal cutoff point of CysC for indicating DPN. The risk of DPN in patients with high CysC levels, albuminuria, and renal dysfunction was also evaluated using Table 1 Main diagnosis for admission of patients.
Main diagnosis
Case n(%) logistic regression analysis. All the statistical analyses were performed by SPSS 20.0 (SPSS, Inc.). A two-sided P!0.05 was considered statistically significant.
Results
The main diagnosis of enrolled patients for admission to the Shanghai Clinical Medical Center of Diabetes included uncontrolled hyperglycemia (61.7%), DPN (26.25%), diabetic nephropathy (7.04%), and diabetic foot (5.02%) ( (Table 3) . Moreover, multiple logistic regression analysis showed that DPN was independently (Table 6 ).
Discussion
In general, our study revealed a close relationship between serum CysC levels and DPN in patients with type 2 diabetes. Serum CysC levels of DPN patients were much higher than non-DPN patients, and the elevated serum CysC level was associated with DPN independent of co-variables. More importantly, high serum CysC level indicated increased risk of DPN. Patients with high serum CysC level indicated a onefold higher risk of DPN. As mentioned earlier, CysC was proved to be related to both CNS and peripheral nervous system diseases in several observational studies (13) . Consistent with that, we found a significant increase in serum CysC levels in type 2 diabetic DPN patients. Peripheral nerve fibers are extension of peripheral neurons, which are bundled into groups and surrounded by endoneurium. Just like the bloodbrain barrier, endoneurium separated endoneurial fluid and blood circulation. In diabetic stroke patients, pericyte loss induced by hyperglycemia was proven to cause disruption of the blood-brain barrier (24) . The permeability of structurally similar endoneurium may also be increased in diabetic patients, and the increase in serum CysC levels in DPN may be partly resulted from increase in endonurial fluid CysC concentration. Furthermore, we demonstrated that high serum CysC concentration was associated with DPN. In our study, DPN was assessed by nerve conduction velocity and amplitude of compound action potentials of peripheral nerves, which were characteristic electrophysiological traits of nerve fiber injury in DPN (2) . Hence, elevated serum CysC concentration may indicate diabetic peripheral nerve injury and associated demyelination. In the CNS, CysC was mainly produced by neurons and microglia upon injury, and then released into the cerebralspinal fluid (25) . Analogously, in peripheral neural diseases CysC could be released from neurons and affected Schwann cells into endonurial fluid through the endoneurium. There were several confounding factors in the association between DPN and serum CysC concetration. First of all, serum CysC was a more sensitive marker than Cr for estimating GFR in type 2 diabetic patients (26) . An early population-based cohort study from Mayo Clinic revealed that staged severity of diabetic neuropathy was associated with diabetic nephropathy (3) . Therefore, the relationship between DPN and serum CysC concentration may be attributed to the close association between DPN and diabetic nephropathy. However, although serum CysC concentration was closely related to GFR, and GFR was significantly lower in DPN patients, neither GFR nor Cr was an independently associated factor of DPN. And serum CysC was still associated with DPN after adjusting for renal function, which indicated that DPN was at least partly independently associated with serum CysC concentration. Moreover, cardiovascular diseases were also demonstrated to be associated with both DPN and serum CysC concentration (2, 9) . The prospective study from the EURODIAB Prospective Complications Study Group identified that the incidence of neuropathy was associated with potentially modifiable cardiovascular risk factors, including a raised TG level and hypertension (2) . In our study, although the prevalence of hypertension was significantly higher in DPN patients, hypertension was not an independently associated factor of DPN. And no difference in serum lipids concentrations was observed among three groups. There might be two explanations for this: Firstly, no studies proved that hypertension or dyslipidemia was independently associated with DPN. Secondly, treatment history including the antihypertensive and lipid-regulating therapies was not controlled in this cross-sectional study. On the other side, some potential confounders that may influence the serum CysC concentration and DPN, as suggested in previous research including age, sex, diabetes duration, HbA1c, GA, were excluded, and other neural diseases were also excluded at the time of DPN evaluation. Therefore, it can be concluded that the association between DPN and serum CysC concentration was at least partly independent of other variables. Moreover, we found that the cutoff point of serum CysC concentration to indicate DPN was higher in male patients. Although some studies revealed that serum CysC levels were generally not affected by extra-renal factors such as age and sex (27) , a large-scale cross-sectional study in The Netherlands found that older age, male gender, etc. were independently associated with higher serum CysC levels after adjusting for Cr clearance (28) . Therefore, the difference in cutoff points between male and female patients may be attributed to the association between serum CysC concentration and sex. As an indicator of renal dysfunction, particularly in diabetes, mircro-albuminuria had a significant association with DPN independent of other diabetic complications (5) . However only male patients with persistent albuminuria and female patients with renal dysfunction had slightly higher DPN risk, and both male and female patients with high serum CysC concentration had a onefold higher risk of DPN, indicating that high serum CysC concentration was a more important risk factor rather than persistent albuminuria and renal function. In general, the inter-assay coefficient of variation (CV) and intra-assay CV of CysC assay are 6.5 and 8.7% respectively. There were some limitations in our study. First of all, only type 2 diabetic patients were enrolled for the screening of DPN, therefore the result of our study may not be applicable for other types of diabetes. Secondly, the ethnicity of the study population was relatively limited as they were mainly from local Shanghai. As a cross-sectional study, some other confounding factors of DPN, such as vitamin B12 deficiency and previous medical treatment for DPN, were not excluded.
In conclusion, we found that serum CysC levels increased significantly in type 2 diabetic patients with DPN, and high serum CysC level indicates significantly increased risk of DPN. Therefore, high serum CysC level may be a potential biomarker of DPN at least in type 2 diabetes. Further studies may reveal the immanent connection of CysC with the pathology of diabetic peripheral nerve injury and help to explore new treatment strategies for DPN.
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